ABSTRACT: In this work we report numerical simulations of the contaminant dispersion and photochemical reactions of rocket exhaust clouds at the Centro de Lançamento de Alcântara (CLA) using the CMAQ modeling system. The simulations of carbon monoxide (CO), hydrogen chloride (HCl) and alumina (solid Al 2 O 3 ) pollutants emission represent an effort in the construction of a computational tool in order to simulate normal and/or accidental events during rocket launches, making possible to predict the contaminant concentrations in accordance with emergency plans and pre and post-launchings for environmental management. The carbon monoxide and the alumina concentrations showed the formation of the ground and contrail cloud. The results also showed that hydrogen chloride concentrations would be harmful to human health, demonstrating the importance of assessing the impact of rocket launches in the environment and human health.
INTRODUCTION
An important and singular air pollution problem is related to rocket launches. The burning of rocket engines during the first few seconds prior to and immediately after vehicle launchings results in the formation of a large cloud of hot, buoyant exhaust products near ground level, which subsequently rises and entrains ambient air until the temperature and density of the cloud reach an approximate equilibrium with ambient conditions. The United States' space activities are conducted by military personel (Air Force) and civilians (NASA). The US Air Force has 2 rocket launching centers, being one at the east coast at Cape Canaveral Air Force Base (AFB), in Florida, and another one at the west part, at Vandenberg AFB, California. These launching centers are close to big and populated region/cities which may be affected by the gases released during the launchings. In order to estimate the risks and environmental impacts associated to the launchings (either normal or failed ones), a special model named Rocket Exhaust Effluent Diffusion Model (REEDM) was developed by Bjorklund et al. (1982) . This model assumes a constant wind profile and Gaussian plume turbulence to access the movement of the clouds derived from the exhausted gases. According to Nappo and Essa (2001) , despite the fact that the REEDM model was operationally used for a long time (since the 1980s), it may not be fully checked using field data collected over the US launching centers. During the period from 1995 up to 1997, a Model Validation Program (MVP) was established to address these concerns and several field experiments with special tracers made at Cape Canaveral AFB and Vandenberg AFB. Furthermore, regarding the numerical simulations for the prediction of rocket exhaust flow fields, we can cite the works of Reis et al. (1970) and Rao et al. (2001) .
Nascimento, E.G.S., Moreira D.M., Fisch G. and Albuquerque T.T.A. Unfortunately, there is no model fully ready to meet these demands in Brazil, or some experimental data dispersion of contaminants related to the Centro de Lançamento de Alcântara (CLA). Therefore, researches are very important as well as the developing of a modeling system designed to calculate peak concentrations, dosage and deposition (resulting from both gravitational settling and precipitation scavenging), downwind from normal and aborted launchings, to be used in mission planning activities and environmental assessments, pre-launch forecasts of the environmental effects of launch operations and post-launch environmental analysis in the Brazilian site. To this end, this paper aims at providing a framework which will allow the development of a model that considers the Brazilian site' s characteristics. Therefore, the main purpose of this study is to report a numerical study (numerical experiment) of the contaminant dispersion and photochemical reactions for the pollutants HCl, Al 2 SO 3 and CO in CLA using the Community Multi-scale Air Quality (CMAQ) modeling system. The paper describes the main CMAQ changes needed to incorporate rocket launches in this modeling system. In fact, CMAQ is a multipollutant, multiscale air quality model that contains state-of-science techniques for simulating all atmospheric and land processes which affect the transport, transformation, and deposition of atmospheric pollutants and/or their precursors on both regional and urban scales (Byun e Ching, 1999) . These simulations represent an effort in the construction of a computational tool for normal and/or accidental events during rocket launches, making it possible to both predict and simulate the concentration needed, in accordance to emergency plans and pre and post-launchings for environmental management.
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THE MODELING SYSTEM
The CMAQ model is a fully 3-dimensional modeling system consisting of three main components (meteorology, emissions and a chemical model) and various interfaces. Therefore, with this modular structure, the CMAQ has enough flexibility to change other meteorological models and emissions modeling systems (Byun and Ching, 1999) . It is important to mention that the CMAQ model is a state-of-the-art modeling tool in air quality problems.
SITE DESCRIPTION
The CLA is the space gate of Brazil and it is located at the North part of Brazil (2 degrees south), close to Equator (Fig. 1) .
More information about the CLA, its topography and climate can be found at Pires et al. (2009) .
Climatologically, there is a very distinctive rainfall characteristic: a wet season from January up to June, with highest rainfall in March and April (monthly rainfall about 300 mm/mo) and a dry season from July up to December (rainfall almost null or very low -less than 30 mm/mo). The winds follow this climatic behavior presenting high wind speed during the dry season (winds around 7-8 m/s at 70 m height) and a moderate winds (winds around 5-6 m/s) during the wet season. To represent this behavior, it was released a radiosonde in the CLA on April 2 nd , 2010. The radiosonde uses a Vaisala Oy system (sonde RSV92G), which is the state-of-art in terms of upper air measurements. The winds (wind speed and direction up to 5,000 m) are presented at Fig. 2 and they are quite characteristic for the wet season: there is a linear increase of the wind speed from the surface up to a maximum value of approximately 16 m/s at 3,000 m. Between 2,000 and 4,000 m, the winds are very persistent, ranging from 14-16 m/s. The direction of the wind is NE/E (around 60º at 500 m) and then rotating southward (around 100-110º). The synoptic pattern is typical from the wet season, with the intertropical convergence zone (ITCZ) reaching the north part of Brazil, with a large cloud cluster over the ocean and inland at the CLA (Fig. 3) . Figure 4 presents the modeling domains. These domains were modeled using the Weather Research and Forecasting (WRF) Model (version 3.3) (Skamarock and Klemp, 2008) to generate meteorological fields in a one-day simulation. The horizontal resolutions of the nested grid were 27 km, 9 km, 3 km and 1 km, and the horizontal dimensions, in grid cells, were 36 x 36, 54 x 54, 84 x 84 and 66 x 66, for domain 1 to 4, respectively. Recently, Silva and Fisch (2014) did a detailed analysis about the use of WRF for the CLA using radiosonde data collected during dry (2008) and wet season (2010) as a comparison. They found that the WRF, using the default parameterizations, can represent the wind speed at the site reasonably well (difference between the model and the observed is less than 2.0 m/s). The innermost domain, highlighted in Fig. 1 , was used in order to model a hypothetical average rocket launch event in CLA using the CMAQ model, version 5.0.1 (Byun and Schere, 2006) . In order to run the WRF model to properly generate the meteorological fields, we used final analysis data from the Global Forecast System (GFS) with a resolution of 1 arc degree. Figure 5 presents the surface wind field simulated by the WRF model at the time of the launch (April 2 nd , 2010 -2-5PM). It is possible to note that the wind is predominantly blowing in the opposite direction of the large city of São Luís and in the direction of an inhabited area, and it keeps on until later in the same day, at 9PM local time, when the wind field entirely changes and it starts blowing in the direction of the city of São Luís. This situation, which is presented in Fig. 6 , shows that a major concern is to determine when launching operations should be released, in order to prevent the environmental impact and air contamination of a metropolitan area, due to the large cloud of hazardous pollutants generated by the launch. In this simulation, the pollutants were already been dispersed to out of the domain at the time when the wind field changed, meaning that there were no more environmental risk of the cloud reaching the city of São Luís, as observed in the "Results and Discussion" section. 
BUILDING THE EMISSIONS FILE
The emission file is the critical point in the air quality context. To this end, it was developed the Sparce Matrix Operator Kernel System (SMOKE), which is used in order to generate the input information from emissions compatible with the model (Borge et al., 2008) . In this study we did some adaptations in the SMOKE system to work with rocket launching emissions, which has some particularities that we had to address to in the system. The system has been applied to the CLA to process a hypothetical emission inventory for a test. Figure 7 shows the launching of Titan IV, in Cape Canaveral, USA, and the formation of the so called ground-cloud and contrailcloud (Nyman, 2009) . It has been a practice in USA to consider only the emissions from ground to 3000 m in simulations, and the emission rate of a normal rocket launch is 5,2x10 5 g/s (Bjorklund et al., 1982) .
Since SMOKE was not designed to deal with such kind of source, for each vertical level below 3,000 m, a virtual stack source emitting a certain hypothetical amount of the total emissions was configured, following the distribution presented in Table 1 . These constituents are supposed to be released by the Brazilian Satellite Vehicle Launcher, for instance. Each virtual stack was positioned in the middle of its respective level. The virtual stacks located nearest to the ground have the main contribution in the emissions of simulating the ground-cloud effect. The remaining emissions were distributed along the highest levels. Input parameters, which entail significant uncertainty, were treated in a conservative fashion, in the sense that choices were made in order to favor overestimating rather than underestimating the toxic chemical concentrations being evaluated for the environmental assessment study. For example, we assume that all the material released by the rocket remains in the area below 3,000 m. Hydrogen (H 2 ) 2.8 Table 3 . List of the options used in Community Multi-scale Air Quality, for this work.
Property Selected Option
Gas Chemistry cb05tucl_ae6_aq
Aerosol Chemistry aero6
Advection vwrf
Vertical Diffusion acm2
Solver ebi_cb05tucl
Cloud Module cloud_acm_ae6
The emissions inventory was composed of only one pollutant, representing the combustion gases of the propellant. Table 2 shows the distribution of compounds that are emitted during the combustion, and their corresponding species in the chosen chemical mechanism (Bjorklund et al., 1982) . For this simulation, we considered the three major emitted compounds: carbon monoxide (CO), hydrogen chloride (HCl) and alumina (solid Al 2 O 3 ). It is important to mention that only the emissions from the rocket launch were considered in this work. Regarding temporal allocation the temporal profiles were setup in SMOKE, in order to have the entire emissions only at noon (time of the hypothetical launch).
CONFIGURING THE COMMUNITY MULTI-SCALE AIR QUALITY (CMAQ) MODEL
For this study, we used the CMAQ model, version 5.0.1. Though our work has no intention to evaluate the impact of the emissions in the region, but only to study how we can apply CMAQ to such case, we chose to evaluate how it would impact the environment in this situation. Table 3 shows the options used in order to build the CMAQ. No initial or boundary conditions were applied, and the photolysis rates were calculated by the photolysis rate preprocessor (JPROC) using a table of clear-sky photolysis rates (or J-values) for a specific date according to the selected options used in order to build the CMAQ. Figure 8 shows a sequential tile plot for alumina, which was modeled as fine particulate matter (PMFINE), and Fig. 9 shows a sequential tile plot for carbon monoxide, both at the first level, at an approximate 20 m height. In these figures, we can see how the ground cloud behaviors after the rocket launch. Initially, it presents high concentrations at the location where the launching occurred, and after the first hour it presents a sensible decrease in the concentrations.
RESULTS AND DISCUSSIONS
Six hours later the ground cloud was totally dispersed from the domain.
Figures 10 and 11 show a sequential 3D plot for both alumina and carbon monoxide, respectively. As it can be observed, these figures shows the same behavior, where we can easily identify the ground cloud and contrail cloud formed after the launching. In the subsequent hours, most of the concentrations remain near the ground.
Hydrogen chloride emissions were present in a considerable amount (Fig. 12) , which led to harmful Baxter et al., 2000) presents the hydrogen chloride exposure limits, in ppm, and their impact in human health. HCl is a colourless gas with an irritating pungent odour perceivable at 0.8 ppm (Lide, 2003) . Figure 13 presents the sequential tile plot for HCl at the first level. The first hour shows the higher concentrations at the launch site, with concentration levels between 100-1,000 ppm. According to Table 4 , at this region, the maximum exposure time is only 1 hour, causing swelling of the lungs, throat spasm and irritation. In the surrounding area, it presents concentration levels between 35-50 ppm, and even at the second hour, the concentration still remains in a dangerous level (5-35 ppm). Based on the results, it is considered that the use of CMAQ to model rocket launch cases is very interesting and promising. Some difficulties were faced, which had to be addressed in order to run the model. One of the biggest challenges here was on how to properly build the emissions file. Although the configuration and the running of the SMOKE, in this case, were manageable, it was considered that a specific tool should be created in order to achieve this purpose. The results of the concentrations of HCl, CO and PM 2.5 (Al 2 SO 3 ) showed to be very interesting: the formation of the ground and contrail cloud and the dispersion of the ground cloud were very clear in the simulations, and the concentration levels of HCl, reported by the model, showed the importance to assess the impact of rocket launch events in the environment and human health, since chlorine has a major impact in the emissions of the combustion gases of the propellant during rocket launch events. 
SUMMARY AND PERSPECTIVES
In this work, our main purpose was to apply CMAQ as a numerical model to simulate the dispersion of the contaminants emitted during a normal rocket launch event and to evaluate the entire CMAQ suite -model and its accessories -for this case. Since it is a first step towards providing a framework which will allow the development of a more meaningful model considering the Brazilian site characteristics, in CLA, we found that the use of the model for this case is quite promising. These results show that there is a need for thorough checking of the schemes with experimental observations planned in the region. We focus our attention in the future to evaluate the construction of the cloud released by the rocket, which can be initially defined as a single cloud that grows and moves, but remains the same during the formation of its ascending phase (ground cloud). This will address the different spatial and temporal scales of the problem more consistently. For more details about this, see the work of Moreira et al. (2011) . For this purpose, we plan to develop a tool that is capable of calculating the formation of the cloud, from the moment it is released to the moment when it stabilizes in the atmosphere, then to build the emissions file accordingly to the input into the CMAQ. Furthermore, it is important to construct numerical experiments from the CMAQ system model in order to have them compared to the concentration results of the MSDEF model (Moreira et al., 2011) , which is a very good and proven tool for a fast screening of the contaminant concentration field during rocket launch events.
